Boro-silicate glass samples were coated with chemically treated multi-walled carbon nanotubes (MWCNTs) to study the resistance offered by the coatings under the high strain rate impact. Impact testing of these glass samples was performed on Split Hopkinson Pressure Bar (SHPB), where strain rates were varied from 500/s to 3300/s. However, the comparisons were limited to samples subjected to a strain rate of 2300/s to 3000/s so that the effect of only variable deposits of coatings on the stress-strain behavior of glass can be studied. Variable deposits (0.1 mg to 0.8 mg) of MWCNTs were coated uniformly on glass samples having a disc shape with a fixed surface area (79 mm 2 ) to observe the effect of the coating on the impact absorption capacity of glass. It was observed that the small thickness of about 25 µm formed due to the fact that 0.2 mg of MWCNTs deposit spread over the surface increased the impact absorption capacity of the glass pieces by nearly 70%. However, beyond this amount when the deposit was increased to 0.4 mg, the coating thickness got doubled to nearly 49 µm and this led to a fall in absorption capacity which remained static till 0.8 mg deposit. However, even this decrease in capacity was able to absorb 30% more impact than offered by pure glass sample.
Introduction
Over the years, impacting resistant materials has been extensively studied using composites that comprise of light weight base matrix and strong filler materials. These materials are tested under extreme impact and static loading conditions so that they can be used for various applications like bullet-proof shields, jackets, resistant surfaces, shock and impact absorbers etc. [1, 2] .
Apart from fabricating stress resistant materials in the form of composites, absorber coatings also become important when it comes to preserving the basic equipment and acting as a protective coat. These coatings can be sacrificed to protect the base material also. It becomes imperative that such coatings are their light weight so that their own weight does not affect the overall utility of the basic equipment.
One of the most useful equipments for studying material behavior under impact loading is Split Hopkinson Pressure Bar (SHPB). Stress-strain behavior of the specimen when subjected to impact or dynamic loading is obtained when the specimen is subjected to a strain rate of 100 to 10,000/s.
The SHPB apparatus consists of two long slender bars namely, an input bar and an output bar that sandwich a short specimen between them. Whenever any load is applied on one end, the sandwiched specimen undergoes very high compression loading. A block diagram of a typical SHPB is shown in Figure 1 .
The details of working of Split Hopkinson bar set up are widely available in literature [3] . It is basically based upon the measurement of wave signal which is generated by the input and output bars due to high strain rate loading. The waves are a measure of strains which are calibrated to find stress and strain in the specimen and in an earlier work. Impact loading using SHPB on carbon nanotube-polycarbonate composites was also studied [4] .
To the best of our knowledge, most of the dynamic and quasi-static strength related work has been done on composite structures [4] [5] [6] [7] [8] [9] . Static properties like elastic modulus, indentation pressure and fracture toughness of coatings on glass have been studied by Malzbender et al. [10, 11] . In these studies, the composition of the coat-ings has also been varied by silica and alumina composition. Fluid based coatings like methyltrimethoxysilane and Ludox were also used. Coatings of thickness nearly 5 µm to 11 µm have also been studied. Static load in the order of 50 mN to 300 mN was applied and observations were measured on the basis of indentations made on the surface. Indentation pressures were greatly reduced after the initiation of any crack or indentation. However, the results have been used only as guidance on how crack. Delamination and chipping of coatings takes place as applied static load is varied.
Thus no study has appeared in the literature that uses a coating of MWCNTs instead of embedding for dynamical impact study. Since MWCNTs have anisotropic behaviors even for elastic properties, these offer great possibilities as protective fronts to soft targets. The Young's modulus as well as tensile strength is significantly different as compared to their bulk modulus [12, 13] . Therefore a study that uses vertically aligned coatings as fronts is expected to behave differently as compared to horizontally aligned coating fronts. Usually it is very difficult to control up till now the alignment of carbon nanotubes, therefore a mixture is expected. For horizontally aligned, resilience of carbon nanotubes is also going to be useful. With this objective in view, we have planned to undertake the present study which aimed to study the modification of resistance offered by pure glass on exposing carbon nanotubes coated surface to the impact. We have prepared variable thickness of coatings of MWCNTs by varying the quantity of deposit on glass and studied them under the high strain rate impact. We have given an experimental methodology for sample preparation. The coating procedure is defined and these samples are then subjected to impact studies using SHPB. In the end, the work is summarized and concluded.
Experimental
MWCNTs having diameter about 10 -30 nm and length 1 -10 microns were procured from Nanoshel Intelligent Materials Pvt. Ltd., USA. We characterized them using FTIR spectra as shown in Figure 2 and the peaks are indicative of the MWCNTs. 
Coating Procedure
Boro-silicate glass pieces of disc shape having diameter 10 mm and thickness 5 mm were taken as the base material. They were cleaned with ethanol. MWCNTs of variable amounts were mixed with DMF (dimethylformamide) and ultra-sonicated for a few hours to ensure reasonable dispersion. Measured quantities of different concentrations of these MWCNTs solutions were then spread over the glass pieces to form non-covalent bond [14] between the coating and glass surface. The different concentrations of these MWCNTs solutions and amount spread over the glass pieces are given in Table 1 . On evaporation of the solvent, coatings of varied thickness and quantity of MWCNTs distributed reasonably uniformly as solvent on the surface of glass samples of 79 mm 2 area were obtained.
A simple estimate of a single layer of average thickness D of MWCNTs of bulk density ρ when spread over a surface area A of the glass disc, will have mass as m = ADρ. The average bulk density of our MWNCTs was 100 mg/cm 3 , average length = 5 μm, A = 0.79 cm 2 and m = 0.1 mg to 0.8 mg meant that for our samples the thickness was from 10 to 100 µm. It also meant that our samples were coated with about 5 to 20 layers. This way we can control the MWCNT layers to about 50 by varying the deposit of MWCNTs even if the MWCNTs stand vertically. The data of estimated number of layers is also presented in Table 1 . It may be noted, that the number of layers is based upon the assumption that MWCNTs are vertically aligned, however in reality MWCNTs can be a combination of various alignments. Hence, the number of layers given is a lower estimate.
These different glass coated samples were then used for dynamic impact strength studies and their dynamic impact strengths were compared at high strain rates using SHPB. The variation parameter here was only the amount of coating deposited not the geometry or orientation of the inner structure of specimen.
The setup for SHPB comprised of two high strength maraging steel with yield strength ~ 1750 MPa, diameter 20 mm and length 2000 mm. The projectile diameter was 20 mm and length was 300 mm. Strain gauges of 120 Ω, 900 tee rosette precision stain gauges designated as EA-06-125TM-120) were used.
Projectile of length 300 mm was hit on samples of different deposits one by one which were sandwiched between the two bars.
The projectile was shot at by a pressure gun producing stress-strain curves for different strain rates. Strain rates varied in the range from 500/s to 3300/s.
Results and Discussion
The data collected by strain gauges for incident, reflected and transmitted signals leads to evaluation of stress-strain data. Though stress-strain data was obtained for a wide range of strain rates (500/s to 3300/s) for all samples but samples which were limited to a strain rate of 2300/s to 3000/s were compared so that the effect of only variable deposits of coatings on the stress-strain behavior of glass could be studied. This strain rate is a useful range in normal shock conditions, encountered during aviation and defense requirements [15] . Compressive stress-strain behavior for glass pieces coated with MWCNTs of different amount at strain rates of about 2500/s are shown in Figure 4 .
It is observed from Figure 4 that a plastic deformation pattern is formed for all samples.
Maximum stress absorbed by each of these samples shows that till a particular deposit of coating, there is a substantial increase in the stress absorbed but after that it starts decreasing. Maximum stress absorbed for pure glass is nearly 389 MPa. When this piece is non-covalently bonded with 0.1 mg of MWCNT coating then this maximum limit reaches 667 MPa at nearly the same strain. Similarly, for 0.2 mg coating the stress value is about 736 MPa. But beyond this, for coatings of 0.385 mg, 0.625 mg and 0.75 mg this maximum stress value remains nearly same 500 MPa which is still much higher than pure glass. So, in comparison to pure glass, the samples which were coated with a very small amount of 0.1 mg and 0.2 mg MWCNTs had about 50% to 70% increased stress absorption capacity. This also implies that a coating thickness of MWCNTs of about 12 µm to 25 µm is sufficient to enhance the stress absorption by almost 2 times.
However, the improved degradation at higher concentration is most likely to be a result of slipping of the layers among themselves as contact with glass gets lost because coatings of nearly 0.4 to 0.8 mg means that thickness of coatings reaches nearly 40 µm to 100 µm. So, the number of layers on the glass pieces increases accordingly.
The effect of variation in deposit of MWCNT coatings on maximum impact stress within the strain rates at about 2500/s as explained above is further depicted in Figure  5 .
Summary and Conclusion
Base materials which have attractive properties like light weight, mould ability, transparency etc. but are vulnerable to impact or shock loads need to be improved in terms of their dynamic strength by either embedding or coating with other stronger materials. In this paper we studied the dynamic impact absorption using SHPB of pure boro-silicate glass as the base material and the same glass coated with variable amounts of MWCNTs.
Boro-silicate glass in the form of a disc 10 mm diameter and 5 mm thickness was used as the base material. Coated samples were prepared using non-covalent chemical binding techniques. The coated amount of MWCNTs was varied from 0.1 mg to 0.8 mg and accordingly thickness of the coating was also estimated. For smaller concentrations, the thickness of 12 µm to 25 µm meant that the number of layers on the glass surface was nearly 5. But for the higher amount of coatings as the thickness of coating increased to about 100 µm, the layers also reach about 20.
Dynamic impact was applied to these samples and interesting observations were made. Samples which had coatings of about 0.1 mg and 0.2 mg showed significant increase in the maximum stress absorption in comparison to pure glass. The increase was about 50% to 70%. Maximum stress for 0.1 mg and 0.2 mg coating sample was nearly 689 MPa and 736 MPa respectively while pure glass maximum stress was 389 MPa. However, coatings of nearly 0.4 mg, 0.6 mg and 0.8 mg did not show a further increase. The maximum stress absorbed by these samples was nearly 500 MPa, which was still about 30% higher than pure glass but much less than 0.1 mg and 0.2 mg. The reason for this reduction can be the increased thickness of coating that comprises of multiple layers of MWCNTs.
As layers of coatings increase, there is slipping of these layers from the glass surface and amongst the layers themselves. As a result, the coatings slip away from the base glass surface and fail to offer higher resistance to impact.
On the basis of the results obtained in this work, it seems safe to conclude that coating by small concentrations of MWCNT improves the dynamic impact strength of glass.
It not only helps modify glass strength, but also is a useful impact stress sensor. In fact, a stacking of multiple coated glass samples can be used to absorb desired impact as well as sensing unit for such impacts. As the glass piece was covered with minor amounts of MWCNTs, the transparency loss was not significant.
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